Introduction
============

The effective selection of perceptual information for in-depth processing, at the cost of competing sensory input, is essential for adaptive behavior. The capability to selectively attend to relevant visual events and to protect the attended information against continued distraction has been associated with the development of higher-order cognitive skills and with indices of academic achievement (Rueda et al., [@B35]; Heim et al., [@B12]). Recently, advances in the cognitive neurosciences have opened avenues for studying the many facets of such attentional selection in the context of increasingly complex tasks, enhancing ecological validity while maintaining experimental control of the stimuli and task. Research designs are now available that tap into complex aspects of attention selection such as resource sharing among multiple attended objects or the temporal competition among targets and distractor items. Work in this area has highlighted the role of strategic processes of attention regulation, as well as the flexible and dynamic nature of attention allocation across spatial and temporal dimensions. Although not much is known about the cognitive development of such strategic and dynamic aspects of attention allocation, there is an impressive body of research describing the development of attentional capacity and selection versus distraction across childhood and into adolescence (for a review, see Ridderinkhof and van der Stelt, [@B32]).

One traditional and robust measure of the ability to attentively select for a particular stimulus dimension is the distractor effect: Behavioral accuracy and response speed in a primary task suffer from the presence of task-irrelevant stimulus. This effect diminishes as age progresses from childhood to adolescence, which has been taken as a developmental index in the ability to better focus attention (Enns and Girgus, [@B9]). In a typical study (Cowan et al., [@B6]), 8- to 12-year-old children, younger (college-aged), and older adults (65--85 years) responded to color changes of one square embedded in a multi-object visual array. Results revealed that children and older adults had more difficulty binding visual features to locations than younger adults. This supports the notion that the ability to protect selected information against interference shows a pronounced developmental trajectory, and varies between individuals. Accordingly, Rueda et al. ([@B35]) reported that 5 days of attention training with preschoolers had not only beneficial effects on behavioral and neural parameters of resisting to attentional interference, but also on more general cognitive abilities, such as abstract reasoning.

Age-related differences in susceptibility to distraction by task-irrelevant stimuli were observed in the auditory domain as well (Wetzel et al., [@B43]): Electrophysiological measures indicated that the stages of early change detection, sensory facilitation, and orienting were more strongly affected by distractors in 6- to 8-year-old children, than in young adults. Conversely, a recent study of training effects on language processing demonstrated improvements in neural indices of auditory selective attention in 6- to 8-year-old language-learning impaired individuals, and to a lesser extent in their typically developing age-mates (Stevens et al., [@B38]). Importantly, this training regime (Fast ForWord-Language^®^, <http://www.scilearn.com/index.php>) aimed to enhance auditory rate processing through shaping and reinforcement in identification and discrimination tasks, and resulted in gains on a standardized language assessment. To summarize, previous work on the development of attentional selection across childhood and adolescence has highlighted that the vulnerability of attended information to distraction is greater in younger than older children, and that this difference is related to other higher-order skills as well.

In the present article, we extend this research to a specific skill in the context of selective attention and distraction, namely the ability to strategically allocate and distribute cognitive resources across multiple stimuli over time. Specifically, we examine the dynamic process of resource allocation to target events embedded in rapidly presented distractors. To be successful, this process needs to encompass effective attentive selection of a stimulus as well as protection/maintenance of the selected information against distraction. Both components can be operationalized using a rapid serial visual presentation (RSVP) task. In RSVP experiments, stimuli are presented sequentially at a high rate, for instance 10 items per second (see Raymond et al., [@B30]). In a typical experimental design, participants search the stimulus stream for specified target items. Attending to a first target (T1) embedded in the distractor stream often leads to a transient impairment in detecting or identifying a subsequent second target stimulus (T2). This so-called "attentional blink" (AB) effect (Raymond et al., [@B30]) has been demonstrated for a variety of stimuli such as symbols, letters, digits, and words (e.g., Raymond, [@B29]). Report rates for the second target are usually reduced for intertarget intervals between 200 and 500 ms.

A number of theoretical views of the AB attribute the impairment for T2 stimuli to decreased availability of cognitive resources (e.g., Chun and Potter, [@B5]; Jolicoeur et al., [@B16]) or attentional capacity (Vul et al., [@B42]), which is assumed to occur as a consequence of encoding/selecting the T1 item. In this perspective, over-allocation of resources to T1 is associated with lack of resources available for T2 in a trade-off fashion. Several accounts have explained this as a failure of working memory consolidation of the target due to limited resources (Jolicoeur et al., [@B16]). With regard to the present developmental study, this raises the question if AB performance is related to developmental changes on more traditional measures of working memory and attentional capacity such as the digit span test. In these procedures, participants listen to series of strings of digits read aloud, and are asked to repeat them back in the same -- or reverse -- order of presentation.

In the resource sharing account of the AB, resources over-allocated to T1 are at the expense of T2 processing, thus predicting overall better performance for the T1 stimuli occurring in trials in which T2 is missed, compared to correct T2 trials. Consistent with this prediction, relative increases in T1-related neural activity during RSVP as measured by means of magnetoencephalography have been related to impaired T2 report (Shapiro et al., [@B37]). Sustained reduction of brain activity during correct trials was also observed in a study using dense array electroencephalography (Keil and Heim, [@B17]). A group of alternative theoretical notions of the AB have emphasized non-trade-off aspects during RSVP target identification (Di Lollo et al., [@B8]; Olivers et al., [@B26]). For instance, work examining the so-called Lag 1 sparing effect showed that two or more targets may be reported at high accuracy, if delivered in a row, without intermittent distractor items present (Di Lollo et al., [@B8]), or if target-distractor-target sequences are presented within 100 ms (Potter et al., [@B28]). In the same vein, AB effects have been observed even in the absence of any distractors, with two targets separated by a blank interval (Nieuwenstein et al., [@B25]). In addition, robust evidence exists to demonstrate that over-investment of resources into the stimulus (or distractor) stream of an RSVP task may lead to increased suppression of T2 accuracy, i.e., the AB effect (Olivers et al., [@B26]). A similar account states that repeated selection of a time segment in the stream results in suppression, delay, and diffusion of selective attention available for a second target (Vul et al., [@B42]). These theoretical perspectives on the AB highlight the need of temporal control of the attention system, when rapid stimuli are processed. Importantly, computational (Wyble et al., [@B44]) and empirical evidence (Shapiro et al., [@B37]) suggest that such control can be altered by the participants' strategic control. This latter property makes the AB an interesting target for developmental research in the context of academic achievement. Thus, although it is currently impossible for us to highlight one specific cognitive process reflected by the variability in the AB effect, there is good evidence that the AB is sensitive to the sequence of mental processes of interest, including attention selection and successful consolidation of attended information, despite distraction.

Concerning developmental studies with the AB design, 8- to 10-year-old children belonging to the upper half readers of their grade were reported to exhibit an overall superior accuracy in second target identification (McLean et al., [@B22]). Heim et al. ([@B12]) observed two robust relationships between parameters of resource sharing and reading/spelling skills in fifth and sixth graders: First, the ability to optimize target processing at the cost of flexible resource sharing (i.e., a pronounced AB effect) predicted better performance in controlled language production tasks such as pseudoword reading. Second, the temporal capacity over time predicted automatized language processing such as reading/spelling of familiar words and sentences.

Several authors have addressed experimental questions related to developmental disorders. For instance, Mason et al. ([@B20]) found that children with a diagnosis of attention-deficit/hyperactivity disorder showed an overall reduced performance during RSVP with letters and were more susceptible to distractors. In a similar vein, dyslexic individuals ranging in age from 10 to 15 years showed increased and prolonged impairment in a non-verbal AB task, compared to age-matched controls (Visser et al., [@B41]).

Taken together, there is mounting evidence that basic parameters of attentional resource sharing are related to more complex cognitive skills. Cognitive changes upon entering the academic environment are a major developmental milestone of higher-order intellectual functions. It is unclear however, if such dramatic change in cognitive performance is accompanied by changes in elemental building blocks of cognition such as attentional control. Primary curricula in many developed countries aim inter alia to establish a range of skills in areas, such as literacy and mathematics, the automatized execution of which enables more diverse and sophisticated secondary education (Hall et al., [@B11]). To explore this putative role, a cross-sectional design is desirable, which compares younger children, entering the academic environment, with older children after several years of basic education.

The present study used such a design in the context of the German education system. In Germany, one major milestone of compulsory education is related to entering first grade of primary school, when children are aged 6 or 7 years (different schools exist for children with special educational needs). Typically, primary school covers four grades. The next major milestone is associated with beginning (lower) secondary education, when most children are around ages 10 or 11 years. Lower-level secondary education includes grades 5 to 9/10 and prepares students for courses of education at upper secondary level, which is necessary for vocational or university entrance qualification (Secretariat of the Standing Conference of the Ministers of Education and Cultural Affairs of the Länder in the Federal Republic of Germany, [@B36]). Comparing these two groups of children enables us to investigate change in academic performance levels and mental aptitudes vis-à-vis specific parameters of attention and working memory, as they change between two important cognitive milestones.

Here, two specific aspects of attentional control over time were examined in German students of early primary and lower secondary level education: First, we quantified the amount of Lag 1 sparing as a measure of overall capacity for rapidly presented information. Second, we investigated the students' sensitivity to disruptive intervening distractors when focusing on a set of target features, operationalized as the size of the AB effect. Under the assumption of general non-specific attentional maturation, both measures should show marked improvement in the older children. If attention development is characterized by multiple trajectories for specific sub-processes of attention control, then interactions of group and task measure would be expected. Overall, we predicted that younger children show a flat and linear profile for the AB task, on an overall lower performance level than older children. This would indicate less ability to control the allocation of cognitive resources over time, which paradoxically leads to lower sensitivity to distractors. With increased ability to control the selection and consolidation of target objects in a rapid stream, the AB effect is expected to be greater in older children. Such a difference suggests a developmental trend from a high-capacity, low control system in younger children, to more control at the cost of interference in the older group. In addition, we were interested in the relationship between indices of resource sharing and attentional capacity with higher-order measures of cognitive functioning such as general intelligence and digit span.

Materials and methods
=====================

Study participants
------------------

Two groups of healthy participants volunteered in this study: 21 younger children (seven girls) aged between 6 and 7 years (*M* = 6.86 years, SD = 0.36) and 24 older children (eight girls) aged between 10 and 11 years (*M* = 10.79 years, SD = 0.41). Study groups attended early regular classes of primary (first grade) and secondary schools (fifth and sixth grade) in the catchment area of Konstanz and were native speakers of German. The gender ratio was a constant 2:1 in each age group. Although the excess of boys might have limited the external validity of the present findings, *post hoc* analyses did not reveal significant gender differences in terms of the AB and psychometric test performance (see Experimental and Psychometric Assessment; *p*-values varied between \<0.210 and 0.988). This converged with studies in children involving lower male to female ratios, where sex effects were also absent in the AB, reading and spelling measures, or general cognitive factors (re-analysis of data presented in Heim et al., [@B12]; McLean et al., [@B21]).

None of the children were reported to suffer from developmental disorders (in particular language-based learning impairments and attention-deficit/hyperactivity disorder), any psychiatric or neurological diseases or taking medication that might affect central nervous system functioning. All children had normal or corrected-to-normal vision. Because stimuli in the AB paradigm were presented very rapidly, only seizure-free participants with a negative family history of epilepsy were examined. The protocol was approved by the institutional review board of the University of Konstanz. Written informed consent was obtained from the parents of the children prior to the experimental session; children gave their verbal assent. Each child received a shopping voucher or cinema ticket for participation.

Experimental and psychometric assessment
----------------------------------------

Children worked on four tasks: a non-verbal and a verbal AB task tapping into attentional capacity and resource sharing, as well as Raven\'s Progressive Matrices (Heller et al., [@B13]; Bulheller and Häcker, [@B4]) and the Digit Span subtest of the German version of the Wechsler Intelligence Scale for Children (WISC III; Tewes et al., [@B39]) to assess general intellectual functioning. Being more challenging, the Matrices always were followed by Digit Span, and both tests were administered in between the two AB tasks, whose presentation order (non-verbal versus verbal) was counterbalanced among participants. This procedure allowed us to control for fatigue and interference imposed by the different task demands. Each child was tested individually in a quiet room. Including breaks, sessions lasted from 1.5 to 2 h.

### Attentional blink experiment

In both AB tasks, stimuli appeared centrally on a black computer screen with a retrace rate of 60 Hz, at a distance of 50 cm from the observer. A script written using the Presentation software (Neurobehavioral Systems, Inc., Albany, CA, USA) controlled stimulus presentation and response registration. Task requirement involved identification of two green-colored target stimuli (T1 and T2) interspersed amidst a stream of white distractors, shown at a rate of 8.7 items per second. Observers were instructed to guess when unsure about the stimulus. No feedback was provided. Each item in the stream subtended a vertical visual angle of 0.82° and had a luminance of approximately 24.9 cd/m^2^. The rapid presentation rate was implemented by displaying each stimulus for 50 ms, followed by a blank screen for 66 ms.

Intertarget intervals varied to contain none, one, two, four, or seven intervening distractor stimuli (i.e., Lag 1, Lag 2, Lag 3, Lag 5, and Lag 8). Accordingly, stimulus-onset asynchronies (SOAs) were 116 ms (Lag 1), 232 ms (Lag 2), 348 ms (Lag 3), 580 ms (Lag 5), and 928 ms (Lag 8). To avoid anticipation of T1 (first target) occurrence, trials started with a randomized number of 5--25 distractor items. T2 was followed by 10 distractors. Presentation mode was pseudo-randomized, avoiding immediate repetitions of the same target as well as immediate repetitions of trials belonging to the same lag condition. Each AB version comprised 100 trials (20 trials per lag), which were equally divided into two blocks, allowing the child to take a short break. Prior to testing, at least three practice trials per task were administered to demonstrate the procedure and make sure that all children understood the task correctly. A schematic of an example trial for both the non-verbal and verbal AB paradigm is shown in Figure [1](#F1){ref-type="fig"}.

![**Schematic of the attentional blink design involving either non-linguistic symbols (left panel) or verbal stimuli (right panel)**. Rapid stimulus presentation was implemented by displaying each stimulus for 50 ms, followed by a blank screen for 66 ms, resulting in a stimulation frequency of 8.7 Hz. Children were asked to indicate the identity of two targets (T1 and T2) shown in green font amidst a series of white distractor items. In the symbol task (left), sketches of a car, airplane, or boat served as T1, and a circle, triangle, or square as T2; other shapes acted as distractors. Verbal stimulus sequences (right) were realized by letters of the alphabet in the younger group and simple nouns (not shown here) in the older group. Each of the present examples illustrates a trial with one intervening distractor between T1 and T2, i.e., Lag 2 with a stimulus-onset asynchrony (SOA) of 232 ms.](fpsyg-02-00009-g001){#F1}

In terms of the (non-verbal) symbol task, T1 stimuli were sketches of means of transport (car, airplane, and boat) and T2s were geometric shapes (circle, triangle, and square), selected from the SPSS Marker Set (True Type). Twenty different geometric figures and shapes of the same typeface served as distractor items. All events were presented in 40-point Arial font. After the end of the rapid stimulus stream, participants indicate their response selection by mouse clicking the appropriate T1 and T2, all of which consecutively appear among three alternatives. They initiated the next trial with an additional mouse click.

As to the verbal task, stimuli were selected according to the academic achievement of primary and secondary students. In order to maximize familiarity with the stimulus set, older participants dealt with simple nouns, drawn from prevailing fourth-grade reading books, and younger participants worked on letters of the alphabet. Thus, we used stimuli that the children in each age group knew very well. Knowledge of the target items was also tested by having the child read aloud the list of letters or words once in a fluent manner at the beginning of the experimental session. All children successfully completed this initial test.

In the younger group, 10 selected letters (A, B, K, L, N, O, S, T, W, and Z) served as targets and the remaining 16 letters as distractors (C, D, E, F, G, H, I, J, M, P, Q, R, U, V, X, and Y). Items were presented in capitals, using 36-point Times New Roman font. In the older group, 11 out of 20 target words were monosyllabic (e.g., Dorf = village, Mund = mouth), and nine disyllabic (e.g., Foto = photo, König = king). Their lemma-frequency varied between 216 and 1137 per one million words in the CELEX database (Baayen et al., [@B2]), thus being considered high-frequent (Mohr et al., [@B23]). The distractor set (*n* = 60) included 39 two-syllable words (e.g., Fenster = window, Sommer = summer) and 21 three-syllable exemplars (e.g., Kartoffel = potato, Nachmittag = afternoon). Having a mean length of 7.25 letters, distractors were longer than target items, comprising on average 4.65 letters, which enabled sufficient masking of the targets (Anderson and Phelps, [@B1]). As is customary for all true nouns in the German language, words were presented with capital initial letters. A Times New Roman font, point-size 28 was used. At the end of each trial, children reported aloud the green letters or words they had seen, which in turn were recorded by the experimenter. After response completion, participants started the next trial, using the control key of the computer keyboard.

In both AB tasks, target identification was expressed as the percentage of correct responses for each of the five lags. Only trials with a correct T1 report were considered for determining T2 accuracy.

### Psychometric tests

Younger children received the colored form of Raven\'s Progressive Matrices (CPM), designed to assess the capability to form perceptual relations and to reason abstractly from non-verbal stimuli. The CPM includes three sets of 12 colored stimulus designs, for a total of 36 problems, arranged in order of increasing difficulty. Each problem involves the completion of continuous or discrete patterns by choosing the correct missing part from among six response options. Since the CPM spreads out the scores of the bottom 20 percent of the general population (Bulheller and Häcker, [@B4]), it is less appropriate to use them for representative children of 8 years and above. Older students thus completed the standard form of the Matrices (SPM), consisting of five sets of 12 black-and-white stimulus designs, for a total of 60 items. Test instructions to the study participants were given in accordance with the guidelines presented in the CPM and SPM manuals. The children indicated their response (by pointing to the selected alternative, often enhanced by naming its number) to the experimenter, who filled in the response sheet. We converted the number of correct items via age-appropriate percentile ranks to *T*-scores (mean = 50, SD = 10), subsequently used for statistical comparison of the younger and older group. Because standard values intrinsically even out developmental differences, Raven raw scores were preferred to examine the relationship with experimental indices of resource sharing and attentional capacity. Raw scores of the CPM were therefore transformed to SPM equivalents, using a table established by Andrich and Dawes (Bulheller and Häcker, [@B4]).

The procedure of the Digit Span subtest was performed as suggested in the manual of the WISC III. Participants listened to the experimenter reading lists of digits of increasing length, with a rate of one item per second and were asked to immediately repeat each list back in order (forward digit span). Two series of each length were presented, starting with two digits up to a maximum of nine. The task was terminated when the child failed to repeat both series of the same digit length. In a second condition, digit strings were recalled in reverse order (backward digit span), beginning with a digit length of 2 up to a maximum length of 8. The criterion to stop the procedure was the same as in the forward condition. To increase the sensitivity of the digit span measures to small performance differences (e.g., in items solved on each level), a mean span for both forward and backward conditions was calculated across item lists for each student in the following manner: In the forward condition, we linearly transformed the results for each item list (binary variable: solved/not solved) to a scale with a maximum span of nine digits (see above). Because the first two item lists (digit length 2 and 3) have low difficulty and low discriminative value, they were weighted with a factor of 0.5, whereas subsequent item lists (digit length 4--9) were weighted with 1. In a similar manner, performance in the backward condition was linearly transformed onto a scale with a maximum span of eight digits. Here, already digit lists from a length of 3 were weighted with the higher factor of 1, reflecting the higher complexity (auditory sequencing, temporary storage plus mental manipulation) of the backward task (e.g., Jensen, [@B15]; Gardner, [@B10]; Reynolds, [@B31]).

Statistical analyses
--------------------

In both AB tasks, the percentages of correct responses on T1 and conditional T2 were evaluated separately in mixed design analysis of variance (ANOVA), crossing the between-subjects factor Group (2; younger, older) and the within-subjects factor Lag (5; 1 = 116-ms SOA, 2 = 232-ms SOA, 3 = 348-ms SOA, 5 = 580-ms SOA, 8 = 928-ms SOA). T2 report was considered correct only on trials with accurate T1 identification (T2\|T1 accuracy). This is generally assumed to emphasize specific effects of limited resources across the two targets (Raymond et al., [@B30]). Contrast analyses were used to follow up significant ANOVA results.

To assess group differences in regard to the AB profiles in greater detail, Pearson product--moment correlations were calculated between participants' age and two difference measures extracted from conditional T2 responses (see below). Because chronological age (in months) shows a bimodal distribution across the two study groups, we rank transformed this variable with the smallest age value assigned rank one. Mean ranking was used in the case of ties. In both the symbol and verbal task, two difference measures (termed *E* and *L*) of mean T2 identification contingent upon T1 report at the following lags were considered: *E*~symbol\ or\ verbal~ = ΔT2\|T1 (Lag 1--Lag 2) and *L*~symbol\ or\ verbal~ = ΔT2\|T1 (Lag 8--Lag 2). Value *E* from the first equation reflects **early** competition between T1 and T2, being positive when Lag 1 sparing is observed, and negative when the T2 presented at Lag 2 is better identified than the T2 at Lag 1. Thus, a positive *E* indicates intertarget interference at Lag 2, often taken as a consequence of sharing costs induced by successful T1 identification (Shapiro et al., [@B37]; Keil and Heim, [@B17]). *L* characterizes the difference between T2 report at the **late** Lag 8 beyond the AB interval, where accuracy was high and interference low, and performance at the interference-sensitive Lag 2. We used this difference measure as an index of performance range, with small values indicating minor differences between early and late interference, and high values indicating poor performance in the AB window, and effective recovery with longer intertarget intervals.

Lag conditions entering the difference measures were selected both on the basis of earlier AB work with children (Heim et al., [@B12]) and ANOVA results obtained in the current study. ANOVA interactions revealed reliable differences between groups for the Lag 1/Lag 2 gradient and for Lag 8 (see Performance in the Attentional Blink Experiment). Using the same lag differences for the younger and older students imply that both phenomena (i.e., Lag 1 sparing and the AB) can be indexed in either group at the same lags. This assumption would for instance be invalid if the younger children showed a pronounced blink at a later time than the older children. To examine if such artifacts of lag selection are possible in our analysis, we plotted the *E* (*L*) difference measure against alternative difference scores formed between Lags 1 versus 3 and Lags 2 versus 3 (Lags 3 versus 8 and Lags 5 versus 8), searching for significant group disparities of the sparing (AB) pattern as a function of lag choice. We did not find systematically changing differences between the age groups as we swapped lags entering the difference scores. It is conceivable that inclusion of a longer lag, such as Lag 10 or 12 would have led to better recovery in the younger participants, potentially qualitatively changing the correlation patterns observed here, but such an assumption cannot be tested with the present data.

*E* and *L* values inherent in the symbol and verbal AB profiles described any correlational relationships with Raven Matrices raw scores and Digit Spans. To complete the picture of the current cross-sectional approach, Pearson correlations were run between the psychometric scores and rank-transformed age variable. For all analyses, results were deemed significant when *p* \< 0.05.

Results
=======

Performance in the attentional blink experiment
-----------------------------------------------

As illustrated in Figure [2](#F2){ref-type="fig"}A, older participants were generally more accurate in identifying T1 symbols than the younger children, *F*(1,43) = 13.85, *p* \< 0.001. This was also true for the verbal task, *F*(1,43) = 19.91, *p* \< 0.001 (Figure [2](#F2){ref-type="fig"}B). In addition, report of verbal T1s was lag-dependent, *F*(4,172) = 33.06, *p* \< 0.001, with lowest accuracy at Lag 1. A linear trend analysis on the Lag × Group interaction, *F*(4,172) = 3.30, *p* \< 0.05, pointed to a significant difference in the steepness of the T1 gradients, indicating that relative impairment in first target identification at Lag 1 was more pronounced for the younger students, *F*(1,43) = 10.73, *p* \< 0.01.

![**Percentage of accurate first target (T1) report at each intertarget interval (T1--T2 lag) of the symbol and verbal tasks (A and B, respectively)**. Values represent means of 21 younger children (open triangles) and 24 older children (filled triangles). Vertical bars indicate SE of mean.](fpsyg-02-00009-g002){#F2}

Figure [3](#F3){ref-type="fig"}A depicts the mean percentage of accurate T2 report contingent on the correctly identified T1 in the symbol task at each lag for the two participant groups. Older participants outperformed the younger overall, *F*(1,43) = 49.01, *p* \< 0.001. Furthermore, Group membership interacted with Lag, *F*(4,172) = 3.86, *p* \< 0.01: while the younger children linearly increased T2 report with increasing lag, *F*(1,43) = 29.43, *p* \< 0.001, the older children exhibited a quadratic pattern, *F*(1,43) = 21.50, *p* \< 0.001. Planned comparisons confirmed significant group differences at two positions in the non-verbal AB profile: first, only older participants showed sparing of T2 report (∼16%) at Lag 1 versus Lag 2, *F*(1,43) = 10.18, *p* \< 0.01; second, the decrease in performance by the AB effect (Lag 2) relative to T2 symbol identification at the latest intertarget interval (Lag 8) was larger in the older (∼32%) than in the younger students (∼16%), *F*(1,43) = 9.03, *p* \< 0.01.

![**Percentage of accurate second target (T2) report given first target (T1) identification at five T1--T2 lags of the symbol and verbal tasks (A and B, respectively)**. Values represent means of 21 younger children (open triangles) and 24 older children (filled triangles). Vertical bars indicate SE of mean.](fpsyg-02-00009-g003){#F3}

In the verbal task, conditional T2 identification was again less accurate in the younger observers than in the older, *F*(1,43) = 8.62, *p* \< 0.01 (Figure [3](#F3){ref-type="fig"}B). Linear trend analyses on the Lag × Group interaction, *F*(4,172) = 3.54, *p* \< 0.01, indicated that verbal T2 performance increased from early to late lags in both the younger and older children, *F*s(1,43) = 24.62 and 46.66, *p*s \< 0.001. Group differences, however, emerged when conducting focused contrasts on Lag 8 versus Lag 2, *F*(1,43) = 5.17, *p* \< 0.05, and Lag 8 versus Lag 3, *F*(1,43) = 4.55, *p* \< 0.05). Similar to the symbol task, the impairment in reporting verbal T2 identity at Lag 2 compared to those at Lag 8 was greater in the older (∼29%) than in the younger group (∼17%; Figure [3](#F3){ref-type="fig"}B). The opposite pattern occurred for the latter contrast, showing a more pronounced decline for the younger children (∼20 versus ∼12% in the older).

Psychometric test performance
-----------------------------

Participants performed in the average or above-average age range on Raven\'s Progressive Matrices, with *T*-scores varying between 43 and 78. Non-verbal intellectual functioning (*M* ± SEM) of the younger (55.86 ± 1.80) and older group (54.29 ± 1.64) did not differ significantly, *t*(43) = 0.65, *p* \> 0.5. ANOVA on digit span scores using Recall Condition (2; forward, backward) as within-subjects factor and Group (2; younger, older) as between-subjects factor showed significant main effects: both groups recalled longer digit lists forward than backward, *F*(1,43) = 24.97, *p* \< 0.001, but older children outperformed the younger overall, *F*(1,43) = 12.77, *p* \< 0.001. Mean forward and backward spans were 3.11 (SEM = 0.29) and 2.29 (SEM = 0.16) for the younger group; respective values in the older group amounted to 4.37 (SEM = 0.26) and 3.23 (SEM = 0.29).

Age-related correlations of attentional and psychometric assessment scores
--------------------------------------------------------------------------

Pearson product--moment correlations of the rank-transformed age variable, attentional parameters, and psychometric assessment scores across the entire study sample are listed in Table [1](#T1){ref-type="table"}.

###### 

**Pearson product--moment correlations (*r*) of age, difference measures *E* and *L* inherent in the AB profile, and psychometric assessment variables in the study sample (*n* = 45)**.

                         Age[^a^](#tfn1){ref-type="table-fn"}   Raven\'s matrices[^b^](#tfn2){ref-type="table-fn"}   Forward digit span   Backward digit span
  ---------------------- -------------------------------------- ---------------------------------------------------- -------------------- ---------------------
  **SYMBOL AB TASK**                                                                                                                      
  *E*                    0.49^‡^                                0.36\*                                               0.21                 0.15
  *L*                    0.46^†^                                0.32\*                                               0.18                 0.27
  **VERBAL AB TASK**                                                                                                                      
  *E*                    0.33\*                                 0.09                                                 −0.14                −0.07
  *L*                    0.37\*                                 0.32\*                                               −0.02                0.06
  Raven\'s matrices^b^   0.77^‡^                                                                                                          
  Forward digit span     0.38^†^                                0.58^‡^                                                                   
  Backward digit span    0.44^†^                                0.50^‡^                                              0.53^‡^              

*E ΔT2\|T1 (Lag 1--Lag 2); L ΔT2\|T1 (Lag 8--Lag 2). (see Statistical Analyses)*.

*\*p \< 0.05, ^†^p \< 0.01, ^‡^p \< 0.001*.

*^a^Rank-transformed age in months (see Statistical Analyses)*.

*^b^Raw scores (see Psychometric Tests)*.

Children\'s age was significantly correlated with the difference measure *E* of both the symbol and verbal AB profiles. As depicted in Figure [4](#F4){ref-type="fig"}, older children tended to exhibit more positive *E* values, indicating that the report of two targets presented at Lag 1 is superior to the report at Lag 2 (i.e., Lag 1 sparing). Furthermore, the older the students, the more positive *L* values for the two AB tasks were observed (Figure [5](#F5){ref-type="fig"}). This suggests that an increase in age was accompanied by impaired performance in the AB window (Lag 2) and effective recovery when T2 followed T1 at greater temporal distance (Lag 8).

![**Pearson product--moment correlations *(r)*between the rank-transformed age variable and difference measure *E* = ΔT2\|T1 (Lag 1--Lag 2) extracted from conditional T2 responses of the symbol and verbal tasks across the entire sample of 45 children**.](fpsyg-02-00009-g004){#F4}

![**Pearson product--moment correlations *(r)*between the rank-transformed age variable and difference measure *L* = ΔT2\|T1 (Lag 8--Lag 2) extracted from conditional T2 responses of the symbol and verbal tasks across the entire sample of 45 children**.](fpsyg-02-00009-g005){#F5}

Participants' age was also statistically related to psychometric test performance (Table [1](#T1){ref-type="table"}). Unsurprisingly, younger children tended to achieve lower raw scores in Raven\'s Progressive Matrices and to recall shorter digit lists forward and backward.

Correlations of attentional parameters and psychometric test scores
-------------------------------------------------------------------

As is apparent from Table [1](#T1){ref-type="table"}, the relative amount of Lag 1 sparing (difference measure *E*) in the symbol AB task correlated positively to the accuracy in abstract reasoning (Matrices raw scores). This was not the case for the verbal *E*. Greater conditional T2 impairment at Lag 2 or a more positive *L* value, however, was associated with higher Matrices scores for both AB tasks. In contrast, individual differences in *E*  and *L* measures did not show significant correlations with forward and backward digit spans (Table [1](#T1){ref-type="table"}).

Because indices of memory span were positively linked to Matrices scores and all psychometric variables systematically varied with children\'s age, the observed relationships were subsequently explored by using partial correlations, controlled for chronological age in months. Correlations between Matrices and digit span forward (*r* = 0.43, *p* \< 0.01) and backward (*r* = 0.30, *p* \< 0.05) still reached the alpha level of 5%. In contrast, none of the associations with *E* and *L* difference measures remained significant (range: *r* = −0.19 to *r* = 0.07, all *p*s \> 0.2), indicating that the AB profile is related to age, but not to developmental change in terms of non-verbal intellectual capacity.

Discussion
==========

The present cross-sectional study set out to explore developmental differences in the AB paradigm and its relationship with mental aptitudes in German first-grade school children, compared to students in early secondary education (grades 5 and 6). Working on two AB tasks including either non-linguistic symbols or verbal stimuli, the younger group was outperformed by the older overall. The analyses focused on T2 accuracy contingent upon correct T1 report. In the symbol version, older children showed a hook-shaped T2 identification pattern as found in numerous AB studies in adults (Visser et al., [@B40]). Conditional T2 report was highest at Lag 8 (928-ms SOA) and decreased linearly with shorter intervals, having its minimum at Lag 2 (232-ms SOA) as expected. At the earliest intertarget interval (Lag 1, 116-ms SOA) accuracy increased by about 16%, indexing Lag 1 sparing (see Figure [3](#F3){ref-type="fig"}A). In contrast, younger students did not exhibit Lag 1 sparing relative to Lag 2. They scored lowest when the second target symbol followed immediately the first and highest when the target doublet was separated by a maximum of seven distractors, reflecting a linear trend over lags (Figure [3](#F3){ref-type="fig"}A). For both participant groups, accurate report of T1 symbols did not vary as a function of the temporal display position (see Figure [2](#F2){ref-type="fig"}A).

In the verbal AB task, older children again demonstrated a prominent drop in conditional T2 identification at Lag 2 relative to those at Lag 8. Although there was no significant difference in accuracy between the second and first intertarget interval, means suggested that some sparing at Lag 1 emerged in their performance pattern (see Figure [3](#F3){ref-type="fig"}B). In the younger group, verbal T2s were subject to a more alleviated and temporally diffuse impairment in report for the early Lags 1--3 (Figure [3](#F3){ref-type="fig"}B). Relative to accuracy scores at the longest interval, first graders showed a lesser decrement at Lag 2 than students attending secondary school. However, relative T2 identification remained similarly mitigated at Lag 3 in the younger individuals, while the older already exhibited considerable relief. In both groups, analysis of performance of the preceding verbal T1 revealed accuracy losses at Lag 1 (see Figure [2](#F2){ref-type="fig"}B), which were more pronounced for the younger children. In terms of our hypotheses, this pattern of findings suggests that younger children have overall less capacity for processing rapidly presented visual information than the older students. In the older group however, greater capacity for a specific set of target features comes at the cost of higher sensitivity to intervening distractors or to a second target.

The developmental trajectories of the T2\|T1 performance patterns in the symbol and verbal tasks were also confirmed by correlational analyses of children\'s age with two difference measures extracted from the AB profiles. Greater relative amounts of Lag 1 sparing (measure *E*) and T2 impairment at Lag 2 (measure *L*) were related to an advanced age in the study sample. This was most prominent when children were asked to identify symbols in the RSVP paradigm (see Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

Differences between the two AB tasks are apparent: whereas Lag 1 sparing was seen in the symbol task, a more linear pattern was evinced in the letter/word versions. Several factors may contribute to the discrepancy. First, the chance level of correct responses was substantially higher in the symbol task, in which one of three symbols was a target in a given trial, for T1 and T2 respectively. Second, T1 and T2 belonged to predictable and distinct categories (T1, means of transportation and T2, geometric shapes) in the symbol, but not the verbal task. According to recent theoretical work (Wyble et al., [@B44]), such categorical change may facilitate the separation of the two targets that enter attentive processing together and thus are subject to merging or to temporal confusion errors (Potter et al., [@B28]). Because participants know the categories *a priori* and because both categories are distinct from the distractors, T1--T2 pairs in the symbol task may trigger temporally circumscribed increases in attention (Wyble et al., [@B45]), which may help distinguish pairs that are especially close in temporal proximity (Craston et al., [@B7]). Third, earlier research has suggested that AB suppression during RSVP may be seen even in the absence of distractor items, if the T2 task is difficult, and if a gap is present between T1 and T2 (Nieuwenstein et al., [@B24]). Because our design included a 66-ms temporal gap between items, one would be led to predict that the more difficult verbal task should show less Lag 1 sparing than the symbol version. This prediction is in line with the findings of our study (see Figure [3](#F3){ref-type="fig"}).

As a methodological concern, it is important to note that although groups digressed in their overall performance, any effects of Lag are likely to be related to interindividual differences in attentional control, rather than to overall performance differences. Because we used conditional T2 accuracy, taking into account only trials with correct T1 report, it seems unlikely that younger students' difficulty with rapid tasks in general has led to the present pattern of results. Only systematic and extremely large T1 differences would distort the T2\|T1 findings, and such differences were not evident in the current data set (see Figure [2](#F2){ref-type="fig"}).

As outlined in the introduction, several AB models highlight the role of engaging and disengaging attention within short epochs of time (Vul et al., [@B42]). Developmental models of attentional control based on the theory proposed by Posner and colleagues (e.g., Posner and Rothbart, [@B27]) emphasize the development of executive control as one key aspect of attention, which strongly involves facets of inhibition and strategic control of resources. Experimental work with tasks that are sensitive to interference and distraction effects has suggested that performance profiles show substantial change within the age range examined in the current study (Rueda et al., [@B33]), and that executive attention predicts other aspects of self-regulation and well-being later in life (Rueda et al., [@B34]).

Our data are compatible with most of these perspectives and cannot speak as to their validity. Rather, it is interesting to see how the current developmental data can be informed by conceptual work on the AB mechanism. The AB paradigm represents a potential avenue to examining time dynamics of attentional engagement and disengagement, as well as working memory consolidation together in one task. Specifically, the AB may capture features of competition between attended events (Keil et al., [@B18]; Ihssen et al., [@B14]). It is also sensitive to the strategic distribution of resources across multiple stimuli and time periods, intentional, or non-intentional (Shapiro et al., [@B37]). Thus, the present data are relevant for our understanding of how and when individuals are capable of applying strategies to the deployment of cognitive resources over time, during competition. Here, we found strong evidence for costs associated with correctly identifying T1 in older children, particularly in the Lag 2 condition, which is most susceptible to the interference induced by the combination of the T1 and the T1 + 1 distractor. Younger children did not show such a specific profile and also demonstrated less accuracy for the T1 overall. This is in line with the finding that younger children evinced greater trade-off between T1 and T2 accuracy at Lag 1 than older children. The latter group showed small cost effects of correct T2 processing on T1 and vice versa, whereas the younger students displayed a performance decrease specifically at Lag 1 for the T1, suggesting that there was a linear cost of processing speed, which was stronger than the Lag 2 decrease seen in older children and adults.

In light of theoretical views of the AB, this pattern of findings points to several important aspects of attention development during childhood. Impairment for T2 stimuli during the AB time window has been attributed to decreased availability of cognitive resources (e.g., Chun and Potter, [@B5]; Jolicoeur et al., [@B16]) or attentional capacity (Vul et al., [@B42]), which is assumed to be a result of effortful encoding/selection of the T1 item. From this perspective, over-allocation of resources to T1 is associated with a lack of resources available for the second target in a trade-off fashion. Overspending resources to the T1 then prevents T2 from being transformed into a durable and reportable working memory representation. Neurophysiological research on the AB in adults has supported this notion, showing that trials with correct T2 responses are characterized by relative reduction in the resource allocation to the first target, compared to incorrect T2 trials (Shapiro et al., [@B37]). A complementary interpretation may focus on the temporal sequence of attention episodes in the current task: as students acquire more control over the time course of attention deployment, they become more susceptible to the AB deficit, while showing improvement for the T1 stimulus across lags. It is therefore interesting to consider whether these changes are part of a general trajectory of cognitive functioning.

Results of the psychometric tests served as measures to parameterize variations in cognitive abilities. On the non-verbal CPM/SPM, all of the participants yielded standardized scores appropriate for their chronological age, and these scores did not differ between primary and secondary students. Consistent with the memory span literature (e.g., Gardner, [@B10]; Brocki and Bohlin, [@B3]), both groups recalled more digits forward than backward, with generally higher performance for the older group. The two indices of memory span were positively linked to Matrices raw scores in the whole sample of children (see Table [1](#T1){ref-type="table"}). This is a typical finding given that the immediate serial recall of digits is part of several standardized tests of general intelligence. From a theoretical perspective, the Digit Span scale and Raven\'s Progressive Matrices can be arrayed on a continuum of apparent processing complexity (based on their variance accounted for by general ability, G) with the former falling toward the border from simple to intermediate complexity and the latter in the complex range (Marshalek et al., [@B19]). Correlation analyses between these psychometric measures and attentional parameters (Table [1](#T1){ref-type="table"}) seemed to suggest that higher achievement in the Matrices was accompanied by Lag 1 sparing when non-linguistic targets have to be identified. Additionally, larger AB impairment and greater resistance to interference at the latest temporal lag in both the symbol and verbal task were associated with superior scores in the Matrices. Such relationships were not evident for the forward and backward spans. Because Matrices raw scores increased with participants' age, partial correlations were conducted to more closely examine the role of age versus general intellectual ability in attentional resource sharing and capacity. These analyses showed consistently that general ability did not manifest in linear relationships with measures of attention after chronological age was controlled for. Importantly, Matrices raw scores and digit span results still shared a significant amount of variance despite the procedure under consideration. Taken together, the findings imply that changes in parameters of attention inherent to the AB profile were linked to age-related development.

Considering the correlational and experimental results of the present study, we suggest that the ability to allocate mental resources to multiple events under competition emerges as a cognitive skill, independent of general intellectual functions. Because resource sharing across multiple targets has been shown to be associated with other cognitive skills, namely reading and spelling (Heim et al., [@B12]), future work may aim to clarify a potential causal role of resource sharing capacity for academic achievement.
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